Introduction
Although fresh water is essential to maintain human life, the world is facing ag lobal and domestic challenge to reliably supply its population with fresh and safe water,o wing to shortagesr esulting from globalp opulation growth, [1] [2] [3] climate change, [4] [5] [6] [7] contamination of clean water supplies, [8] and public policy. [9, 10] Water is also needed to produce hydrogen as a clean and sustainable alternative energy source to fossil fuels by water splitting to prevent global warming stemmingf rom large-scale CO 2 emissions from the combustion of fossil fuels. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Therefore, water and clean energy are inextricably linked with each other.A bout 97 %o ft he water on our planet is seawater (3.0-5.0 %s alts) with 1.0 %b eing brackish ground water (0.05-3.0 %s alts), indicatingt hat the vast amounts of seawater would provide an early unlimited water supply if saline water could be used directly as ac lean and nearly infinite energy source. Microorganisms living in seawater can also be used in sediment microbial fuel cells to generate electric power from variouss ubstrates (electron sources) containing in seawater,w hich reduce dioxygen to water. [21, 22] Another important energy source is hydrogens ulfide (H 2 S), which is abundant in Black Sea deep water,w here the total amount of H 2 Si s about 4600Tg. [23] This Review focuseso np roduction of hydrogen as ac lean and sustainable energy source by electrolysis of seawater instead of pure water [Eq. (1) ],b yh ydrolysis of Mg in seawater [Eq. (2) ], [24] by decomposition of H 2 Si nB lack Sea deep water [Eq. (5)] [24] [25] [26] is demonstrated as ap roof of concept for the onsite production and use of renewable and sustainable energy.
Mg þ 2H 2 O ! H 2 þ MgðOHÞ 2 ð2Þ
2. Electrolysis of Seawater
Production of hydrogen and dioxygen from seawater
Direct electrolysis of seawater with robuste lectrocatalysts results in the cathodic evolution of hydrogenathigh currentefficiency [Eq. (1)]. [27] [28] [29] [30] [31] However, large volumes of chlorine and hypochlorite are normally evolved at the anode by the oxidation of Cl À under acidic and basic conditions [Eqs. (6) and (7), respectively] instead of O 2 evolution by the oxidation of water [Eq. (8) ],presenting amajor environmental problem. [32, 33] 2Cl À ! Cl 2 þ 2e
Values of E 0 in Equations (6)- (8)a re given vs.S HE. The relative ratios of Cl 2 ,H OCl, OCl À ,a nd O 2 with hydrogen (H 2 )a re changed in seawater depending on pH, catalysts, anda pplied potentials. [34] [35] [36] [37] [38] [39] AP ourbaixd iagram of electrochemical OER (oxygen evolution reactions) from an aqueous NaCl solutiona tr oom temperature (total mass of chlorine species: 0.5 m)i ss hown in Figure 1 , where the OER is thermodynamically more favorable Seawater is the most abundantr esourceo no ur planeta nd fuel productionf rom seawater has the notable advantage that it would not competew ith growing demands for pure water. This Review focuses on the production of fuels from seawater and their direct use in fuel cells. Electrolysis of seawater under appropriate conditions affords hydrogen and dioxygen with 100 %f aradaic efficiency without oxidation of chloride. Photoelectrocatalytic production of hydrogen from seawater provides ap romising way to produce hydrogen with low cost and high efficiency.M icrobial solar cells (MSCs) that use biofilms produced in seawater can generate electricityf rom sunlight withouta dditional fuel because the products of photosynthesis can be utilized as electrode reactants, whereas the electrode products can be utilized as photosynthetic reactants. Another important source for hydrogen is hydrogen sulfide, which is abundantly found in Black Sea deep water.H ydrogen produced by electrolysis of Black Sea deep water can also be used in hydrogen fuel cells. Productiono fafuel and its direct use in af uel cell has been made possible for the first time by a combination of photocatalytic productiono fh ydrogen peroxide from seawater and dioxygen in the air and its direct use in one-compartment hydrogen peroxide fuel cells to obtain electric power.
than the chlorine evolution reaction( ClER), irrespective of pH. [40] However,t he ClER, which is at wo-electron oxidation reaction with only as ingle intermediate, proceeds with am uch faster evolution rate than the OER and therefore the ClER [Eq. (6) ] is the predominant anodic reactioni na cidic electrolytes on av ariety of metal oxide catalysts. [33, 34] Under basic conditions, formation of hypochlorite also has a kinetic advantage over OER. However, thermodynamicsi s highly favored for OER over hypochlorite formation. [40] In addition, the standard redox potential of formation of hypochlorite is pH dependenti nc ontrast with ClER, and the pH dependence slope is the same as the OERp otential in the Pourbaix diagram ( Figure 1) . [40] In such ac ase, the electrode potential difference to OER remained roughly0 .48 V, whichi sl arger than that under acidic conditions. If the electrocatalytic oxidation is performed at an overpotential (h)l ower than 0.48 Vu nder alkaline conditions, no hypochlorite is formed and OER occurs exclusively with faster kinetics. [40] In addition, non-noble metal electrocatalysts that may degrade under acidic conditions, can be used under alkaline conditions. Thus, ag eneral design criterion for the selectiveO ER operation at pH > 7.5 in seawater is given by Equation (9):
where the pK a of hypochlorousa cid is 7.5, below which hypochlorous acid is dominantly formed as compared to the hypochlorite ion. [40] The faradaic efficiencies for the OER using NiFe layered double hydroxide( LDH) catalyst and the applied current densities over their corresponding time-averaged electrode potentials are shown in Figure 2 , where the OER faradaic efficiencies are 100 AE 5% in both fresh water and seawater,a sp redicted by the overpotential design criterion [Eq. (9) ],w ith no ClER in seawater electrolysis under alkalinec onditions. [40] High-temperature solid oxide electrolyzer cells (SOECs), which are the reverseo ft he solid oxide fuel cells (SOFCs), have attracted much interest because of their advantages over lowtemperature electrolysis for high efficiency H 2 production, given that an increase in operating temperature causesad ecrease in the electrical energy demandf or steam electrolysis and therebyareduction in the H 2 production cost. [41] SOECs The light blue shaded area shows the proposed general criterion for selective OERa ccording to Equation (9) . Reprinted with permission from Ref. [40] .Copyright 2016, Wiley-VCH Verlag GmbH.
can electrolyze not only H 2 Ob ut also am ixture of H 2 Oa nd CO 2 to produce synthesis gas (a mixture of H 2 and CO), [41, 42] which can be furtherc onverted into various types of synthetic fuels. [43] [44] [45] [46] [47] An SOEC for simulated seawater electrolysis is shown in Figure 3 , where ab utton cell is sealed with ag lass sealant to separatet he gas environment between the anode and the cathode. [48] The NiO/YSZ electrode (cathode;Y SZ = yttria-stabilized zirconia) was obtained by mixing6 0wt% nickel oxide power and 40 wt %Y SZ powder together with as mall amount of carbon black. [48] (GDC) composite anode (oxygen electrode) was obtainedb ym ixingL SCF-GDC50 powder together with an appropriate amount of poly(ethylene glycol). [48] The water bath was heated up, providing ah igh moisture content (70 %partial pressure of H 2 O). Dry H 2 was flowed into the water bath while the anode (oxygen electrode) side was exposed to air.T he SOEC was left for around 3hat operating temperature (800 8C) and H 2 was kept flowingt om ake sure that the nickel oxide was completely reduced prior to the electrochemical measurements. The two electrodes are in contact with two Pt wires, which serve as the voltage and current probes. [48] The energy efficiency (h elec )ofs team electrolysis of simulated seawater is expressed by Equations (10) and (11):
where DH is the enthalpyc hange of H 2 (124.6 MJ kg À1 at 800 8C) and V is the appliedv oltage. The electricale nergy efficiency,w hich is the amount of electrical energy input per unit of H 2 produced, at ac urrent density of À1.0 Acm À2 from seawater waso btaineda s1 09.4 %, being nearly the same as that from pure water (110.3 %).
[48] The electrical energy efficiencies of higher than 100 %r esult from the high heat supplied by the furnace, leadingt oar eduction in electrical energy neededf or the high-temperature electrolysis. [48] The simulated seawater and pure water electrolysis showed similard egradation rates of about15% per 1000 hinterms of increases in the operating voltage with constant current. [48] The degradation rate in the electrolysis of steam produced from simulated seawater was virtually the same as that from pure water. [48] 
Extraction of carbon dioxide and hydrogen from seawater
The world's oceans contain approximately 100 mg L À1 total carbon dioxide, of which 2-3 %i sd issolved CO 2 gas in the form of carbonic acid (H 2 CO 3 ), 1% is carbonate (CO 3 2À ), and the remaining 96-97 %i sb icarbonate (HCO 3 À ). [49] When the pH of seawater is decreased to 6o rl ess, carbonate and bicarbonate in the seawater are re-equilibrated to releaseC O 2 gas [Eq. (12)]. [50] 
Thus, electrochemical approaches based on continuous electrodeionization (CEDI) principles are being developed to use pH to exploit seawater as am eans to recoverC O 2 from seawater. [50] [51] [52] [53] [54] The electrolytic cation exchange module (E-CEM) configuration ( Figure 4 ) is composed of ac entercompartment and electrode compartments (cathode and anode capable of reversing polarities), and the three compartments are separated by two cation-permeable membranes. [50, 54] Extruded cationpermeable heterogeneousm onolithic polyethylene membranesi ncorporate gel polystyrene cross-linked with divinylbenzene andf unctionalizedw ith sulfonic acid groups, which provide discrete channels for cations to migrate through the polymer matrix,w hereasb locking the passage of anions. [54] Electronst raveled from the cathode to the anode in external circuit. Seawater is passed through the center compartmento f the E-CEM (Figure 4 ), whereas seawater through ar everseo smosis (RO) unit is passed through the anode and cathode compartments. [54] When direct current is appliedt ot he module,H + ions and O 2 gas are produced at the anode during the oxidationo ft he anolyteR Ow ater [Eq. (13)].
[54]
The O 2 gas is flushedf rom the anode compartment with the flow of the anolyteR Ow ater. [54] The protons are driven from the anode surface, through the cation-permeable membrane, and into the center compartmentw here protons are replaced by Na + in the flowings eawater,r esulting in the effluent seawater,w hich can be acidified withoutt he need for any additional chemicals. [54] At as eawater pH 6, the bicarbonate and carbonate in the seawater are re-equilibrated to carbonic acid [Eq. (12) ]. [50, 54] The CO 2 from the carbonic acid in the effluent acidified seawater is vacuum stripped by ag as-permeable membrane contactor [Eq. (14)]. [54] 
The Na + ions from seawater in the centerc ompartmenta re passedt hrough the cation-permeable membrane, which is the closestt ot he cathode. [54] Water is reduceda tt he cathode to H 2 gas and OH À [Eq. (15)].
The Na + ions react with the OH À ions to produce NaOH in the cathode compartment. [54] The NaOH and H 2 gases are continuously flushedf rom the cathode compartment with the flow of the catholyte RO water. [54] The acidified seawater is recombined with the solutions from the cathode and anode compartments and the overall reaction is given by Equation (16) . [54] 2H 2 . The E-CEM configurationfor extraction of CO 2 and H 2 from seawater.R eprinted with permission from Ref. [50] .C opyright 2011, American Chemical Society. Reviews Seawater containing HCO 3 À (142 ppm, 0.0023 m)a nd af low rate of 1900 mL min À1 require at heoretical appliedm inimum current of 7.0 At ol ower the pH to less than 6.0 and convert HCO 3 À to H 2 CO 3 . [54] The theoretical amount of H 2 gas produce at 7.0 Ai s0 .0022 mol min À1 . [54] The ultimate goali st op roduce CO 2 and H 2 in quantities neededt om akef uela te nergy efficiencies similar to commercial electrolysis. [54] 2.3. Solar hydrogen production from seawater Hydrogeni sp roduced photoelectrocatalytically from seawater under solar irradiation at ambient temperature without any externallya ppliedb ias potential by using am aterially optimized thin-film transparent titania photocatalyst. [55] The overall solar energy conversion efficiency,w hich is defined ast he heat energy of reaction attainedb yc ombustion of H 2 with O 2 per the total solar energy supplied, was determined to be 0.388 %. [55] The maximum quantum efficiency of 54 %w as obtained at the irradiation wavelength of 320 nm. [55] However, the quantum efficiency became zero at irradiation wavelengths longer than 410 nm. [55] An umber of photocatalysts, which can absorb visible light (> 400 nm), have been utilized forp hotocatalytic H 2 production from seawater, which,h owever,r equired the assistance of an externally appliedb ias potential. [56] [57] [58] [59] [60] Electrolysis in seawater is often inhibited by the presence of salts andi mpurities contained in seawater,w hich fouled the catalytic systemstod ecrease the required voltage ande lectrolysis efficiency. [61] In contrast to liquid seawater,the atmospheric water vapor over the sea is virtually free of contaminants, with high humidity near the ocean surface all year round. [61] Thus, stable solar H 2 production has been made possible by using the ambient humidity over the seawater at efficiencies comparable to land-based H 2 production by liquid pure water splitting. [61] The near-surface relative humidity over the oceans is fairly constant between 75 and 90 %w ith only minor variation by seasono rt ime of day. [62, 63] Marine solar water vapor electrolysis can indirectly split seawater without any water purification process. [63] The electrolyzer consists of two stainless steel grids for the anode andt he cathode, two carbon To ray paper sheets as gas-diffusion layers, and one membrane electrode assembly (MEA)w ith catalystp articles (Pt/C) on either side of a sulfonated polytetrafluoroethylene (Nafion) proton-exchange membrane ( Figure 5) . [61] The photovoltager equiredf or solardriven water electrolysis was obtained by employing ac ommerciallya vailablet riple-junctiona morphous Si (a-Si)p hotovoltaic from SolarFocus. [61] The solar-to-hydrogen conversion efficiency before and after 50 ho fo peration was increased from 6.0 %t o6 .3 %b yu sing an ambient seawater humidity feedstock as compared to ad rop from 6.6 %t o0 .5 %u sing liquid seawater feedstock. [61] The solar-driven seawater vapor electrolysis system could create an ew marketi no ffshore solar utilities with built-in energy storaget os olve the intermittencyi ssue, minimizing land usage and environmental impacts of solar arrays. Ar ecent analysiso fapotential solar-driven seawater vapor electrolysis facilitye stimatedt hat a1GW annual average output would requirearound 180 km 2 of land usage.
[64]
Hydrolysis of Metals in Seawater
Hydrogen productionf rom the hydrolysis of active metals, such as Mg and Al, hasa ttracted much attention because of their abundance and nontoxicity. [65] [66] [67] [68] [69] [70] Although Mg has al ow H 2 storage density (3.3 wt %) in water comparedt ot hat of Al (3.7 wt %), it is capable of generating hydrogen in an eutral aqueous solutioni nstead of the alkaline solutiont hat is requiredf or the hydrolysis of Al. [71] [72] [73] [74] The Mg alloy can be fully recycled by electrical system with the efficiency of 41 %. [75, 76] Hydrolysis of Mg in an aqueous solutionp roduces Mg(OH) 2 and H 2 as shown in Equation (2), where ap assive Mg(OH) 2 layer is formed on the Mg surfacet oh amper the further hydrolysis of Mg. [77] [78] [79] [80] [81] [82] However, the Mg(OH) 2 layer is readily broken by the penetration of Cl À ions, which results in pitting corrosion to maintain the continuous hydrolysis of Mg in seawater. [72, 83, 84] The effects of NH 4 Cl on the rate of magnesium hydride (MgH 2 )h ydrolysis are shown in Figure6,w here the rate of MgH 2 hydrolysis in deionized water is too slow to be used in controlled H 2 generation. [85] In contrast, the hydrolysis of MgH 2 in a0 .5 wt %N H 4 Cl solutionp roduces H 2 efficiently (501 mL g À1 in 5min and 980 mL g À1 H 2 in 30 min) at 60 8C ( Figure 6b ). [85] The 4.5 wt %N H 4 Cl solution afforded the best hydrolysis performance (Figure 6c) , where H 2 is produced more efficiently (1310 mL g À1 in 5min and 1660 mL g À1 H 2 in 30 min). [85] The rate of hydrolysis of MgH 2 is enhanced by addition of NH 4 Cl because Cl À may effectively decrease the compactness of Mg(OH) 2 . [85] Hydrogen was also produced efficiently by the hydrolysis of milled waste magnesium scraps (MWMS)i nn ickel(II) chloride (NiCl 2 )s olutions (0.5-2.5 m)a nd by the hydrolysis of NiCl 2 -added seawater (Aegean Sea and Marmara Sea water). [83] MWMSw as prepared by mechanical grinding with use of a planetary type ball-milling apparatus at as peed of 300 rpm for 15 hg rinding time at ball-to-powder ratio of 70:1 (Figure 7) . [83] The MWMS sample in MarmaraS ea Water,w hich contained approximately 23 wt %N aCl, produced 6.6 mL H 2 in 260 s (ca. 70 %c onversion), whereas 100 %c onversion was attained in 233 si nA egean Sea water containing roughly 37 wt % NaCl. [83] An increase in the concentration of NaCl in seawater affected its conductivity,r esulting in an increase in the rate of H 2 production. [83] Economical ands afe Mg alloys have been developed for faster H 2 productionf rom seawater. [86] The Mg-2.7Ni-1Sna lloy afforded an excellent H 2 production rate of 28.71 mL min À1 g À1 , which is 1700 times more rapid than that of pure magnesium (Mg), owing to galvanic and intergranular corrosion, as well as pitting corrosion in seawater (Figure 8) . [86] As the solution temperaturew as increased from 30 to 70 8C, the H 2 production rate in hydrolysis by the Mg-2.7Ni-1Sn alloy was dramatically increased from 34 to 257.3 mL min À1 g À1 .
[86]
Microbial FuelC ells Using Seawater
Sediment microbial fuel cells (SMFCs) generate electric power from the organic matter content of sediments using bacterial metabolism. [87] [88] [89] [90] [91] [92] The anode electrode was embedded within anoxicmarine sediments and connected through electronic circuits to as imilar electrode in the overlying aerobic seawater (the cathode) to make an SMFC. [93] The SMFC with an unmodified graphite electrode afforded an electric powerg eneration of 0.01 Wm
À2
,w hich can powerm arine-deployed electronic instrumentation. [93] SMFCs with graphite anodes in the anoxic marines ediment and graphite cathodes were also made in overlying aerobic seawater. [94] As pecific enrichmento fm icroorganismso ft he family Geobacteraceae on graphite anodesa llowed these microorganisms to conserve energy,s upporting their growth by oxidation of organic compounds with an electrode that serves as the sole electron acceptor. [94] SMFCs with carbon fabric cathodes were acclimated with sediment and seawater from San Diego Bay,w hereas anodes were buried in af lat orientation,w hich is placed about 7.6 cm below the sediment-water interface and about 7.6 cm above the bottom of the tank as shown in Figure 9 , where seawater is introduced up to ah eight of 50.8 cm.
[21] Figure 10 As hows the average powerg eneration of two identicals ediment microbial fuel cells (SMFC-1 and SMFC-2) operating in the same seawater tank, where the power increased to about 1.8 mW within roughly 40 days. [21] The long time powerg eneration resulted in the powerd ecrease to around1 mW after [21] The corresponding electrode potentials during the operation of SMFC-1 are shown in Figure 10 B, where both the cathodea nd the anode potentials are initially around7 5mV vs. Ag/AgCl (black arrow), the cathode potential increased to around3 75 mV vs. Ag/AgClw ithin af ew days, and then slowly increased to 395 mV vs. Ag/AgClw hile the anode potential decreasedi nitially to about À400 mV vs. Ag/AgCl and then increaseds lowly to av alue slightly below 0mVv s. Ag/AgCl. [21] The acclimated cathodes of SMGCs have distinct performance advantages as compared to unacclimated cathodes with possible implications for cathode scalinga nd size. [21] 
Hydrogenfrom Black Sea Deep Water
Hydrogen sulfide (H 2 S) is found naturallyi nm any gas wells and also in gas hydrates and gas-saturated sediments especially at the bottom of the Black Sea,w here 90 %o ft he sea water is anaerobic. [95] The total H 2 energy potential is estimated to be about 270milliont ons, produced from 4.587 billion tons of H 2 Si nB lack Sea deep water. [23, 96] This amount of H 2 can provide 38.3 millionTJo ft hermal energy or 8.97 million GWh of electricale nergy.
[23] Moreover,t he total H 2 potential in Black Sea deep water corresponds to 808 million tons of gasoline, 766 milliont ons of natural gas, 841 milliont ons of fuel oil or 851 milliont ons of petroleum. [23] These values suggestt hat H 2 production from H 2 Si nB lack Sea deepw ater may play an important role in satisfying the energy demandso ft he Black Sea's surrounding countries. [23] The simplest and direct method that can be appliedt ou tilize Black Sea deep water is catalytic or non-catalytic thermal decomposition of H 2 S[ Eq. (3)],w hich requires high temperature to break down H 2 Si nto H 2 and S 2 . [97] This reaction is largely endothermic,b ecoming more favorable at higher temperatures. The pyrolysis of H 2 So ccurs in ap erfectly stirredr eactor for residence times of 0.4-1.6 sa t1 073-1373 Ku nder 1bar pressure.
[97] Figure 11 shows the H 2 Sc onversion and yields of H 2 and S 2 with af eed stream composed of 5mol %H 2 Sa nd 95 mol %A ru nder 1bar pressurea td ifferentt emperatures, which are fitted by the computed time profiles based on the proposed mechanisms. [97, 98] Because highert emperatures (above1 200 8C) are required to obtain an H 2 yield above 30 %, [99] La 2 SrO x was used as an effective catalyst to decrease the temperature to 950 8Ct oo btain the highest conversion of 35.7 %f or the decomposition of H 2 S. [100] The resultsf rom the laboratory-scale extraction pilot plant unit for the separation of H 2 Sf rom Black Sea deep water enabled the buildingo fa ni ndustrial extraction pilot plant to concentrate H 2 Sf rom 10 ppm to above 10 000 ppm. [101] The processing of 10 9 m 3 of water containing 10 ppm H 2 Sw ould produce only 0.833 tons of H 2 . Thus, an ew technologyf or extraction and concentration of H 2 Si se ssential for the practical application. [101] The feasibility of H 2 productionf rom H 2 Sc ontainedi nB lack Sea deep water has been examined by employing am icrostructured electrochemical membrane reactor,w hich is assembled with optimized cell materials, to produce H 2 in the electrolyzerm ode and to generate electricale nergy in the fuel cell mode. [102] Any process developedf or H 2 Sd ecomposition to produce H 2 in Black Sea deep water,w hich is energy intensive, will have substantial equipmenta nd operating costs,h eavily depending on technology and the commercial price of energy. [102] The cost of H 2 from H 2 Si nB lack Sea deep water may gradually shift closert ot hat of H 2 from solar-driven water electrolysis in the long term. [103] Hydrogenp eroxide (H 2 O 2 )i saclean and sustainable energy source,b ecause the decomposition products are only water and oxygen, and H 2 O 2 is produced from water and dioxygen using solar energy. [104] [105] [106] [107] [108] [109] [110] [111] [112] H 2 O 2 is superior to H 2 or natural gas, owing to its safe storage and convenient transportation in liquid form. [104] [105] [106] [107] [108] [109] [110] [111] [112] Furthermore, ao ne-compartment configuration is possible for H 2 O 2 fuel cells, which is structurally much simpler and cheaper than two-compartment hydrogen fuel cells with expensive membranes. [24] [25] [26] 113] Efficient photocatalytic production of H 2 O 2 from seawater and O 2 in the air was performed in at wo-compartment photoelectrochemical cell, composed of mesoporous WO 3 supported on af luorine doped tin oxide (FTO) glass substrate (m-WO 3 / FTO) as ap hotocatalyst for H 2 Oo xidation and ac obalt chlorin complexs upported on ac arbon paper ([Co II (Ch)]/CP) as an electrocatalyst for the selectivet wo-electron reduction of O 2 , [114, 115] as shown in Figure 12 . [116] The photoirradiation of m-WO 3 /FTO with as olar simulator (1 sun = AM 1.5G) in the anode cell resulted in formation of H 2 O 2 in the cathode cell of the two-compartment photoelectrochemical configuration with no externalb ias potentialb eing applied. [116] The time courses of the photocatalytic formation of H 2 O 2 are shown in Figure 13 . [116] reported to catalyze the selective two-electron/two-proton reductiono fO 2 to yield H 2 O 2 efficiently. [114, 115] After illumination for 24 h, the concentration of H 2 O 2 produced in seawater was 48 mm (blue circles in Figure 13 ), which is high enough to operate an H 2 O 2 fuel cell (see below). [116] However,the production of H 2 O 2 is much decelerated when pure water was used instead of seawater for the photocatalyticH 2 O 2 production ( Figure 13 ). [116] The similare nhancement of the photocatalytic H 2 O 2 production is observedw hen seawaterisreplaced by an NaCl solution with the same concentrationa st hat of seawater (blue squares in Figure 13 ). The effects of Cl À on photocatalytic H 2 Oo xidation with m-WO 3 /FTOa nd the two-electron reduction of O 2 with [Co II (Ch)]/CP were studied by using ap hotoelectrochemical cell with athree-electrode configuration (see below). [116] The current-potential curveso fm-WO 3 /FTO under simulated solar illumination (1 sun = AM 1.5G) are compared to those in dark in Figure 14 a, where the onset of photocurrent for the H 2 Oo xidation is observed at 0.2 Vv s. SCE at pH 1.3 in pure water,w hich corresponds to the 110mVoverpotential with re- Figure 11 . Time profiles for (a) conversion of H 2 S, (b) H 2 mole fraction, and (c) S 2 mole fraction for feed containing5mol %H 2 Si nA ru nder1bar pressure at different temperatures. The dotteda nd solid lineswere computed based on the proposed mechanismsreported in Refs. [97] and [98] ,respectively.Reprinted with permission from Ref. [97] .Copyright2 016, Elsevier. Reviews spect to the value of flat band potential of WO 3 (0.09 Vv s. SCE at pH 1.3). [116] When pure water was replaced by seawater under otherwise the same reactionc onditions, roughly four times larger ap hotocurrentw as detected at 0.3 Vv s. SCE and the onset potential was negatively shiftedf rom 0.2 Vv s. SCE to 0.1 Vv s. SCE as compared to those in pure water. [116] The catalytic current for the two-electronr eduction of O 2 with [Co II (Ch)]/CP at pH 1.3 in seawatera ppearsa ta round0 .25 Vv s. SCE, which is nearly the same as the value measured at pH 1.3 in pure water (Figure 14 b) . [116] Thus, the acceleration of the rate of H 2 O 2 production in seawater resultsf rom the enhancement of the photocatalytic oxidation of seawater at the photoanode.
The enhanced water oxidationi ns eawater may result from the preferred oxidation of Cl À over that of water (see below). [117] [118] [119] [116] The amount of O 2 evolvedi nt he anode cell containing seawater (12.7 mmol) after photoirradiation for 1hwas more than three times larger than that evolvedi nt he anode cellc ontaining pure water (3.7 mmol). [116] Thus, the enhancement of photocatalytic productiono fH 2 O 2 in seawater ( Figure 13 ) resultsf rom the Cl À -catalyzed photooxidation of water. [116] 2Cl
As olar energy conversion efficiency of 0.55 %h as been reported for the photocatalytic production of H 2 O 2 in seawater under simulated solar illumination with as olar simulator (1 sun = AM 1.5G). [116] Ah igher solar energy conversion efficiency of 0.94 %w as attained under the simulated solar illumination, [116] being significantly higher than that of switchgrass (0.2 %) producing biofuel. [120] When the WO 3 photoanode was replaced by surface modified BiVO 4 with iron(III) oxyhydroxide [FeO(OH)],t he highest solar energy conversion efficiency of H 2 O 2 production in pure water was achieved as 6.6 %w ith ad ecreased simulated solar light intensity (0.05 sun) after 1h photocatalytic reaction, whereas the efficiency was decreased to 0.89 %u nder 1sun illumination. [121] In this case, however,s eawater deactivated the photocatalyst, owing to the instability of BiVO 4 ,w hich started to dissolve in the presence of Cl À under solari llumination. [121] The (Figure 15) . [116] The energy conversion efficiency of the H 2 O 2 fuel cell was evaluated as roughly5 0% by measurement of the output energy as electrical energy vs. consumed chemical energy of H 2 O 2 ,w hich is comparable to the efficiency of an H 2 fuel cell. [116] Ad irect H 2 S/H 2 O 2 fuel cell was constructed with artificial Black Sea deep water containing H 2 Sa safuel and H 2 O 2 as an oxidantinsteado fO 2 . [122] [123] [124] The anode, cathode and overall reactions are given by Equations (21), (22) , and (23), respectively. [24, 122] 
Overall :
The maximum cell voltage of an H 2 S/H 2 O 2 fuel cell is obtained as 1.91 V, [122] whichi sm uch highert han that of an H 2 O 2 fuel cell (1.09 V). [24] The effectso fa nolytea nd the catholyte concentrations and the pH of the anolyte were examined for an H 2 S/H 2 O 2 fuel cell. [124] An increasei nt he solution pH resulted in an increase in HS À concentrationo ft he anolyte, leading to generation of the higherc ell power. [124] The H 2 O 2 concentration has ag reater impact on the maximum power density as shown in Figure 16 . [124] The H 2 S/H 2 O 2 fuel cell yielded ap ower density of 23 mW cm À2 at ac ell voltage of 300 mV and current density of 75 mA cm À2 (Figure 16 ), which are much highert han those in ad irect H 2 O 2 fuel cell ( Figure 15 ). [124] 
Conclusions
Direct electrolysis of seawater to evolve H 2 and O 2 selectively withoutf ormation of chlorine or hypochlorite has been made possible by ag eneral design criterion at pH > 7.5 in seawater with an overpotential (h) < 0.48 V. The electrical energy efficiency,t hat is the amount of electrical energy input per unit of hydrogenp roduced, was obtaineda s1 09.4 %f or ah igh-temperature solid oxide electrolyzer cell with the NiO/YSZ electrode,w hich exhibited as low degradation rate of 15 %i n 1000 hu nder steam produced from simulated seawater.S eawater is also utilized for electrodeionization principles to recover CO 2 from seawater,a ccompaniedb yp roduction of H 2 .H 2 can also be produced from seawater under solar illumination at ambient temperature without the assistance of externally appliedb ias potential by using am aterially optimized thin film transparent titania photocatalyst. Economical and safe Mg alloys have been developed for faster hydrogen production from seawater.A noxic marine sediments were used for sediment microbial fuel cells (SMFCs) for electric power generation sufficient to powerm arine-deployed electronic instrumentation.
Hydrogen sulfide contained in Black Sea deep water has been used for H 2 productionb yp yrolysis of H 2 S. Ad irect H 2 S/ H 2 O 2 fuel cell was developed ande xhibited high cell performance compared with H 2 O 2 fuel cells. H 2 O 2 can be produced efficiently from seawater and air by using at wo-compartment photoelectrochemical cell,c omposed of mesoporous WO 3 supported on aF TO glass substrate (m-WO 3 /FTO) for the photocatalytic seawater oxidationa nd ac obalt chlorin complex adsorbed on ac arbon paper ([Co II (Ch)]/CP) for the selective two-electron reductiono fO 2 ( Figure 12 ). The chloride anion containedi ns eawater acts as ac atalystt oa ccelerate seawater oxidation. H 2 O 2 produced from seawater and air by using solare nergy has been used directlya safueli na nH 2 O 2 fuel cell. Thus, H 2 O 2 can be an alternative sustainable and green fuel for portable electric items, because oxygen,s eawater,a nd sunlight are abundant resources, and powerg eneration is possible with af uel cell with as imple one-compartment structure. Further improvemento ft he photocatalytic activity for production of H 2 O 2 from Black Sea deep water,t ogether with more efficient one-compartment H 2 S/H 2 O 2 fuel cells without membranes may enable portable sustainable energy conversion systemsi nt he future.
